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Report H9lOO92-i2 

Theoretical  Invest igat ion of the  Radiant 

Emission Spectrum from the  Fuel Region of a 

Nuclear Light Bulb Engine 

SUMMARY 

A theore t ica l  invest igat ion was conducted t o  determine t he  spec t ra l  emission 
charac te r i s t i cs  of the  f u e l  region of a nuclear l i g h t  bulb engine and hence, the  
spec t ra l  rad ia t ive  f lux  incident upon the  transparent containment walls or  upon the  
r e f l ec t i ve  end walls of such an engine. The analysis  was performed for  a specif ied 
engine configuration and fo r  a spec i f i c  nuclear f u e l  p a r t i a l  pressure d i s t r ibu t ion .  
Estimates of the  spec t ra l  rad ia t ive  f lux emanating from t h e  nuclear f u e l  region were 

2 made f o r  a t o t a l  radia ted f l ux  of 24,300 ~ t u / f t  -sec (2.757 x 1011 erg/cm2-sec), 
which corresponds t o  an e f fec t ive  black-body radia t ing temperature of 1 5 , 0 0 0 ~ ~  
( 8333O~). 

Six cases were considered i n  which the  e f fec t s  of changes i n  t he  heavy-atom 
absorption coeff ic ient  model parameters, the  addition of a seeding gas, and changes 
i n  end-wall r e f l e c t i v i t i e s  on t he  spec t ra l  radia t ive  f lux  emitted from the nuclear 
f u e l  region were examined. Three cases involved parametric var ia t ions  of t he  heavy- 
atom model i n  e i t he r  the  fuel  species ionization po ten t ia l s  o r  i n  the  o s c i l l a t o r  
strength d i s t r ibu t ion  functions describing l i n e  t rans i t ions .  I n  t he  fourth case, t he  
e f f ec t  of hydrogen a s  a seed gas on the  emitted spec t ra l  rad ia t ive  f lux  was studied. 
The e f f ec t  on the  emitted f lux  of a uniform end-wall spec t ra l  r e f l e c t i v i t y  of 0.5 
was examined i n  t h e  f i f t h  case; s imilar  calculat ions were made i n  the  s i x th  case using 
t h e  spec t ra l  r e f l e c t i v i t y  of aluminum. 



1, The spec t r a l  d i s t r ibu t ion  of  rad ia t ive  f lux  emitted from the  nuclear f u e l  region 
of a nuclear l i g h t  bulb engine d i f f e r s  appreciably from tha t  of a black body at  
a temperature of  1 5 , 0 0 0 ~ ~  (8,333'~). I f  no seeds a r e  employed, t he  spec t r a l  
d i s t r i bu t i on  from the f u e l  region i s  sh i f t ed  t o  higher w e  numbers (shor ter  
wavelengths) . 

2 .  Addition of a seed gas such a s  hydrogen tends t o  at tenuate the  rad ia t ion  emitted 
i n  t h e  u l t r a v i o l e t  region of the  spectrum. 

3. Use of end walls  with r e f l ec t i ve  coatings such as aluminum tends t o  s h i f t  the  
spec t ra l  d i s t r ibu t ion  of radia ted energy t o  higher wave numbers ( shor te r  wave- 
lengths) 'for a given t o t a l  f l ux  emitted from the  fue l .  

4. The radia t ion spectrum emitted from the  f u e l  region i s  control led by a very t h i n  
layer  of f u e l  near the  edge of the  f i e 1  region because of t h e  highly opaque 
nature of nuclear fue l .  



AnalytieaP and experimental invest igat ions  of various aspects of gaseous nuclear 
rocket technology a re  current ly  being conducted by the Research Laboratories of 
United Ai rc ra f t  Corporation under Contract NllSw-847 administered by the  jo in t  AEC- 
NASA Space Nuclear Propulsion Office. Of primary i n t e r e s t  under t h i s  contract  i s  
the  nuclear l i g h t  bulb engine concept described i n  Ref. 1. I n  t h i s  concept, a  vortex- 
s t ab i l i z ed  gaseous nuclear reactor  emits thermal radia t ion which i s  u t i l i z e d  t o  heat  
a seeded hydrogen propellant .  The nuclear f u e l  and seeded propellant  regions a r e  
physically separated by an i n t e rna l l y  cooled transparent  wall.  Knowledge of the  
spec t ra l  d i s t r ibu t ion  of thermal radia t ion emitted from the  nuclear f i e 1  region and 
subsequently incident upon the  transparent  containment w a l l  i s  necessary i n  analyzing 
the  f e a s i b i l i t y  of the  nuclear l i g h t  bulb engine concept. 

To date  most calculat ions of t he  f l u x  of thermal radia t ion emitted from the  
nuclear f u e l  have assumed t h a t  the  emitted radia t ion or iginates  from a grey-gas a t  
the  assumed edge-of-fuel temperature ( ~ e f s .  2 and 3) .  Preliminary calcula t ions  
indicate  t h a t  the  spec t ra l  d i s t r ibu t ion  of thermal radia t ion d i f f e r s  appreciably from 
t h a t  of a black body. However, the  e f f ec t  of changes i n  the  heavy-atom model para- 
meters (used t o  describe the  composition and spec t ra l  proper t ies  of the  nuclear f ue l )  
on the  emitted spec t ra l  flux have not been assessed; s imilar ly ,  t he  e f f ec t  of the  
addit ion of seed gases on the  emitted f l u x  have not been studied. 

An addi t ional  problem a r i s e s  i n  considering radia t ion emitted from the  f u e l  
region i n  an axial. d i rect ion.  Axially di rected radia t ion impinges upon highly 
r e f l ec t i ng  end walls i n  the  fu l l - sca le  engine. It i s  ant ic ipated t h a t  a large  frac- 
t i o n  of the  incident f l ux  w i l l  be ref lected.  Obviously a l a rge  f l ux  of re f lec ted  
rad ia t ion  w i l l  s ign i f ican t ly  a l t e r  the  edge-of-fuel temperature i n  an a x i a l  d i rect ion 
a s  well  a s  t h e  temperature d i s t r ibu t ion  i n  the  outer layer  of f u e l  adjacent t o  the  
r e f l ec t i ng  wall.  No estimates of t he  e f f ec t  of highly r e f l ec t i ng  end walls on the  
spec t ra l  d i s t r ibu t ion  of radiant  f l ux  emitted from the  f u e l  region have been made t o  
date.  

Based on the  preceeding discussion, a program was formulated t o  determine the  
e f f ec t  on the  spec t ra l  radia t ion emitted from the &el  region of a nuclear l i g h t  bulb 
engine of: ( a )  changes i n  the  heavy-atoinmodelparameters; (b) addit ion of a seed gas 
and ( c )  inclusion of re f lec t ive  end walls. The program i s  described i n  d e t a i l  i n  
succeeding sections of t h i s  report .  



Because of the  high f u e l  opacity, the  radia t ion spectrum emitted from the  f u e l  
region of a nuclear l i g h t  bulb engine i s  controlled by conditions ex i s t ing  i n  t he  
outermost l ayer  of t h e  region. A t  the  temperatures and pressures ant ic ipated i n  t h e  
fu l l - sca le  engine, t h e  dominating region i s  typ ica l ly  a few centimeters i n  depth. 
Thus, the  region control l ing spec t ra l  radia t ion emission may be considered a s  a plane- 
p a r a l l e l  gas l ayer  containing a r e l a t i ve ly  low concentration of nuclear f'uel. Since 
low nuclear f'uel densi ty  i n  the  edge-of-fuel region precludes extensive energy re lease  
by nuclear f i s s i on  i n  this region, the  outermost l ayer  of f'uel i s  characterized by a 
constant t o t a l  energy f l ux  a t  a l l  points within the  region. 

The spec t ra l  d i s t r i bu t i on  of emitted f l ux  may be estimated using a t ranspor t  
analysis  of the  rad ia t ive  t r ans f e r  process. The radia t ion f l ux  p ro f i l e  i s  a flunction 
of the  temperature d i s t r i bu t i on  i n  the  outer  f u e l  l ayer  a s  well  as the composition 
and spec t ra l  absorption coef f ic ien t s  of the  nuclear f'uel. These f'uel proper t ies  a r e  
functions of both pressure and temperature. 

I t e r a t i v e  Procedure 

The temperature a ~ ~ d  corresponding rad ia t ive  f l ux  p ro f i l e  may be determined f o r  
a specif ied f'uel concentration p ro f i l e  u t i l i z i n g  ex i s t ing  one-dimensional UARL simpli- 
f i e d  grey-gas and spec t ra l  t ranspor t  computer codes. 

1. To i n i t i a t e  the  procedure, a d i s t r ibu t ion  of Rosseland Mean Opacity as a 
function of temperature i s  assumed f o r  a specif ied f'uel p a r t i a l  pressure var ia t ion  
with posi t ion i n  the  f'uel region. These mean opacity data, a specified t o t a l  heat  
f lux,  Q*, (constant throughout the  medium) and an edge-of-f'uel temperature a re  used 
a s  input f o r  the  s impl i f ied grey-gas computer code t o  calcula te  a temperature p r o f i l e  
using t he  op t i ca l l y  th ick  approximation. 

2 .  The temperature p ro f i l e  estimated i n  Step 1 and a specified &el  p a r t i a l  
pressure d i s t r i bu t i on  a r e  used a s  input f o r  the  spec t ra l  t ransport  computer code t o  
calcula te  the  corresponding f u e l  absorption coeff ic ients  and the  spec t ra l  f l ux  d i s t r i -  
bution a t  each posi t ion within the  outer l ayer  of t he  fue l .  Finally,  the  spec t r a l  
f luxes  a t  each posi t ion are  in tegrated t o  ascer ta in  the  t o t a l  f lux,  Qi. 

3. The assumed Rosseland Mean Opacities used i n  Step 1 are  modified by t he  
relat ionship:  



whe r c  8 , ~ ~  a R ~ + ~ ~  are vaPdes of the  I ? c s s e l ~ d  Mean Opa,cisy for the initial and 
second iterations respectively, Qi is the total. flux (integrated spectral f lux)  cal- 
culated i n  Step 2, a d  Q? is the desired total and constant f l u  rad-iated from the 
fuel region. 

4. Step 1 is repeated using a R'+1 
values, and the same sequence is repeated 

until Qi and Q* agree to within 5% a% all radial positions in the fuel region. 
(~pproximately 10 iterations are normally required to achieve convergence). 

The edge-of-fuel temperature required to initiate the calculation is determined 
by application of the "temperature jump approximation" as described in Ref. 4. 
Assuming no back radiation is incident upon the fuel region from the containing wall 
and assuming that the fuel region can be represented as a grey gas, the edge-of-fuel 
temperature is approximated by: 

where Q* is the assumed constant radiative flux in the outermost layer of fixel, and 
a is the Stefan-Bolzmann constant. If the containing wall is reflective and can be 
represented as a grey surface, Eq. (2) is modified by the grey-surface reflectivity 
and is given by: 

where (r> is the grey-surface reflectivity of the wall material. It is shown in the 
following sections that Eqs. (2) and (3) are not valid for non-grey-gas conditions. 

Unit Cavity Configuration and Conditions 

A fuel-containment region 0.681 ft (20.75 cm) in radius at a total pressure 
of 500 atm was selected for the radiation emission analysis of the nuclear light 
bulb engine unit cavity schematically depicted in Fig. 1. It was assumed that nuclear 
fuel existed at a constant pressure of 200 atm from the centerline or core of the 
containment region out to a radius of 0.3405 ft (10.38 cm) . At radial positions 
beyond 0.3405 ft, the fuel partial pressure decreased linearly to a pressure of 
0.01 atm at the edge-of-fuel position. The fuel partial pressure profile is graphi- 
cally illustrated in Fig. 2. Note that the distance, y, in the fuel region is 
measured from the edge-of-fuel position (y=0) inward to the centerline (y=20.75 cm) 
for analysis of the spectrum emitted radially outward (cases 1 through 4, see 
following section). For analysis of the spectrum emitted in an axial direction, y, 
i s  measured i n  the axial direction (cases 5 and 6, see following section), The 



difference Setwsei~ thhe tots?. pressure of 500 atm a ~ d  the f ~ e l  partiial pressl~re 8'L any 
posi 1,ioi.i 13,s attribvted to neon (the a;bsorpl'ion of the neon was neglected) . 

All calculations were made for an assumed effective radiating temperature, T*, 
of 15,000~~ (8333'~) which corresponds to an effective total radiative black-body 
flux Q* of 24,300 ~tu/ft~-sec (20757 x 1011 erg/cm2-sec) . This effective total flux 
was taken as a constant at the outer f'uel positions considered as a consequence of 
the assumption of negligible energy generation by the fuel in this region. 

Spectral quantities were calculated for at least twenty-five wave numbers be- 
tween 1.0 x 103 (10.0~) and 1.0 x lo6 cm-I (0.01~). Edge-of-fuel temperatures re- 
quired to initiate the iterative procedure were calculated by means of Eq. (2) for 
cases 1 through 4 and by means of Eq. (3) for cases 5 and 6. Edge-of-fuel tempera- 
tures calculated by the iterative pores for cases 1 through 4 was 10,650~~ (5,917O~), 
for case 5, 14,'650°~ (8,13g0~), and for case 6, 19,650'~ (10,917~~). 

Description of Cases 

The analytical scheme, cavity configuration and conditions described in pre- 
ceding paragraphs were employed in all subsequent calculations of the spectral 
distributions of radiative energy emanating from the nuclear fuel region of a nuclear 
light bulb engine, The six cases examined during the investigation considered the 
effects on the spectral distribution of radiati.on of (3) variations in the parameters 
depicting the heavy-atom model which was used to estimate the composition and spectral 
absorption characteristics of the fuel ionization species (b) addition of a seed gas, 
hydrogen, to the system and (c) the inclusion of reflective end walls. 

The heavy-atom model(Refs. 5 and 6) was required in order to calculate the 
requisite composition and spectral absorption characteristics of the nuclear f'uel as 
a function of temperature and pressure for use as input in the spectral. transport 
machine code. In cases 1 and 2 the continuum-type oscillator distribution f'unction 
was employed to define transition probabilities in the line region of the fuel spec- 
trum, With the continuum approximation, distinct line structure in heavy-atom 
spectra is ignored and the absorption coefficients are slowly varying functions of 
wave number (see Refs. 5 and 6 for details). Cases 1 and 2 differ in the fuel species 
ionization potentials employed. The ionization potentials for case 1 are termed the 
Low set and were of the following magnitude: 6.1, 11.46, 17.94 and 31.14 ev (Ref. 7) ; 
similar ionization pgtential data for case 2 are termed the high set and were of the 
following magnitude: 6,1, 17.1, 38.8 and 65.6 ev (Ref. 8). 

In case 3, the low ionization potentials of case 1 were retained; however a 
band type oscillator strength distribution function was used in the heavy-atom model, 



I n  "ce band type oscilla,'cor szrength dl" strribution f"mciiurr, tx.ailsitiox~ probabilities 
in the line region are approximated by s i ng  known osc%llatJor strengths for va,rious 
Lines  i n  the &ell spectrum over wavelength intervals of' 200 1, The method is 
described i n  Ref. 9 and i s  an approximation designed to account fo r  l i n e  structure 
i n  the  &el  spectrum. Typical o s c i l l a t o r  s t rength  data  ( ~ e f s .  10 and 11) for  neu t ra l  
and s ingly  ionized uranium summed over wavelength i n t e rva l s  of 200 8 are  shown i n  
Fig. 3. Similar data  f o r  doubly and t r i p l y  ionized uranium are not available i n  t h e  
current  l i t e r a t u r e ;  therefore  the  d i s t r ibu t ion  f o r  s ingly  ionized uranium given i n  
Fig. 3 was used i n  the  heavy-atom model f o r  t he  higher ionizat ion species. 

The e f f ec t s  of seed gas on the emitted f lux  was examined i n  case 4 i n  which t he  
heavy-atom model parameters of case 1 were retained. Hydrogen was selected a s  a seed 
gas and introduced a t  a uniform pressure of 10 atm a t  a l l  r a d i a l  posit ions i n  t he  
fuel-containment region. 

Cases 5 and 6 represent a study of end-wall e f f ec t s  i n  which a f rac t ion  of the  
energy emitted from the  fue l  region i n  an a x i a l  d i rect ion could be re f lec ted  back in-  
t o  the  fue l .  I n  both cases the  heavy-atom model parameters of case 1 were incorpor- 
a ted.  I n  case 5 a uniform end-wall r e f l e c t i v i t y  of 0.50 was assumed a t  a l l  wavelengths 
a s  shown i n  Fig. 4 by the  horizontal  dashed l i ne .  I n  case 6, the  end walls were 
considered t o  be aluminum and the  spec t ra l  r e f l e c t i v i t y  of aluminum ( ~ e f s .  12 through 
15) was used i n  t he  system. This spec t ra l  r e f l e c t i v i t y  p r o f i l e  i s  a l so  graphically 
i l l u s t r a t e d  i n  Fig. 4. 

The various conditions and approximations used i n  cases 1 through 6 are  summarized 
i n  Table I f o r  reference.  



Temperature Distr ibutions 

Approximately t en  i t e r a t i ons  were required i n  each case i n  order t o  achieve 
convergence between t he  simplif ied grey-gas code and the  spectra l  t ranspor t  code. A 
calcula t ion was considered as  complete i n  any case investigated when the  to ta l .  f l ux  
a t  a l l  r ad i a l  pos i t ions  computed by means of the  spec t ra l  t ranspor t  code (using the  
temperature p ro f i l e  estimated by means of the  simplif ied grey-gas code) agreed with 
t he  e f fec t ive  black-body f lux  of 24,300 ~ t u / f t ~ - s e c  t o  within 5%. Note t h a t  case 6 
represents an exception t o  the  5% c r i t e r i on .  The i t e r a t i v e  procedure was terminated 
a f t e r  10 i t e r a t i ons fo r  case 6 with a tolerance of approximately 10% f o r  the  first 
few posi t ions  near t he  fue l  edge. The t o t a l  f lux  a t  each r a d i a l  posi t ion calcula ted 
using the  spec t ra l  t ranspor t  code i s  obtained by in tegrat ion of t he  spec t ra l  f l ux  a t  
each r a d i a l  posi t ion.  Total  f l ux  d i s t r ibu t ions  which a re  indicat ive  of convergence 
a re  i l l u s t r a t e d  i n  Fig. 5  f o r  each of the  cases studied. It should be noted t h a t  the  
excellent  r e s u l t s  exhibited i n  Fig. 5 were obtained by reducing the  predicted edge-of- 
f u e l  temperature (see  Eq. ( 2 ) ) i n  cases 1 through 4 by approximately 15%. The edge- 
of- fuel  temperature predicted by Eq. (3) f o r  case 5 involving a uniform w a l l  r e f l e c t i -  
v i t y  was decreased approximately 2% i n  order t o  obtain the  t o t a l  f lux  d i s t r ibu t ions  
i l l u s t r a t e d  i n  Fig. 5. Equation (3 )  was not used t o  estimate t h e  edge-of-fuel tempera- 
t u r e  fo r  case 6 because of the  marked spec t ra l  dependence of the  aluminum r e f l e c t i v i t y .  
The edge-of-fuel temperature fo r  t h i s  case was determined by means o f t h e  i t e r a t i v e  pro- 
cedure previously described. 

Final  temperature d i s t r ibu t ions  a s  a function of the  distance from the  f u e l  edge 
f o r  a l l  cases examined a r e  graphically compared i n  Fig. 6. Cases 1, 2 and 3 demon- 
s t r a t e  the e f f ec t  of changes i n  the heavy-atom model parameters on the  temperature 
d i s t r ibu t ion .  Increasing the  magnitude of the  f u e l  species ionizat ion po ten t ia l s  
tends t o  increase t he  temperature at any posi t ion i n  the  outer f u e l  region a s  i s  
shown i n  Fig. 6 by t he  curves f o r  case 1 (low ionization po ten t ia l s )  and case 2  (high 
ionizat ion po ten t ia l s ) .  A comparison of curves 1 and 3  shows t h a t  using the  band 
type o s c i l l a t o r  s t rength  d i s t r ibu t ion  i n  the  heavy-atom model (case 3) r e s u l t s  i n  a 
l e s s  severe temperature gradient than t h a t  predicted on the  bas i s  of a  heavy-atom 
model with a  continuous o sc i l l a t o r  strength d i s t r ibu t ion  (case 1). 

Comparing curves for cases 3 and 4 i n  Fig. 6 shows the  e f f ec t  on t he  temperature 
d i s t r ibu t ion  of the  addit ion of 10 atm of hydrogen as  a  seeding gas. The same heavy- 
atom model pa,rame"crs were used for  both cases. The presence of hydrogen tends t o  
increase the temperature gradient a t  any posi t ion within the  outer layer  of t he  fue l  
region, 



The curves i n  F ' i g ,  6 f o r  cases 5 and 6 exhibi t  the ant ic ipated increase i n  edge- 
of- fuel  temperatwe as a resu-lt of re f lec t ion  of radiation from the  end walls, 

Spectra l  Absorption Coefficients 
a t  Edge-of-Fuel Conditions 

Typical spec t ra l  absorption coef f ic ien t s  f o r  edge-of-fuel conditions a re  com- 
pared i n  Fig. 7 fo r  cases 1, 2 and 3, i n  Fig. 8 f o r  cases 3 and 4, and i n  Fig. 9 f o r  
cases 1,5 and 6.These data and s imilar  data  f o r  conditions a t  various posi t ions  with- 
i n  t he  f u e l  a r e  required as input t o  the spec t ra l  t ranspor t  code. 

Comparison of the  curves i n  Fig. 7 f o r  cases 1, 2 and 3 show the  e f f ec t  of 
changes i n  t h e  ionizat ion po ten t ia l s  and o s c i l l a t o r  s t rength  d i s t r ibu t ion  f'unctions used 
t o  describe the  heavy-atom model. The curves f o r  cases 1 and 2 show the  e f f ec t  of 
var ia t ions  i n  f u e l  species ionizat ion potent ia ls .  Incorporation of the  low s e t  of 
ionizat ion po t en t i a l  data i n  the  heavy-atom model f o r  case 1 r e s u l t s  i n  higher values 
of the  absorption coeff ic ients  than those of case 2 f o r  wave numbers up t o  approximately 
40,000 c f l .  A t  wave numbers g rea te r  than 40,000 cm-l, the  low s e t  of ionizat ion 
po ten t ia l s  r e s u l t  i n  absorption coef f ic ien t s  which a r e  lower than those calculated 
f o r  the  heavy-atommodelusing t he  high s e t  of ionizat ion po ten t ia l s .  A comparison of 
curves f o r  cases 1 and 2 with the  curve fo r  case 3 i l l u s t r a t e s  t yp i ca l  r e s u l t s  obtained 
f o r  t h e  spec t ra l  absorption coef f ic ien t s  by replacing the  continuous o s c i l l a t o r  
s t rength  d i s t r ibu t ion  f'unction of cases 1 and 2 with the  band type o s c i l l a t o r  strength 
d i s t r ibu t ion  function used i n  case 3. ( ~ o t e  t h a t  the  low s e t  ionizat ion po ten t ia l s  
were used f o r  cases 1 and 3 ) .  A band type o s c i l l a t o r  s t rength  d i s t r ibu t ion  fbnction 
(case 4) r e s u l t s  i n  a stronger wave number dependence of t he  absorption coef f ic ien t  
than does t he  continuous o s c i l l a t o r  strength d i s t r ibu t ion  function used i n  cases 1 
and 2. I n  addition, the  band type d i s t r ibu t ion  (case 3) r e s u l t s  i n  an absorption 
coef f ic ien t  d i s t r ibu t ion  which i s  much lower i n  magnitude than t h a t  predicted f o r  
the  continuous o sc i l l a t o r  s t rength  d i s t r ibu t ion  (cases 1 and 2) a t  wave numbers l e s s  
than approximately 25,030 cml .  

I n  Fig .  8 a comparison i s  made between case 3 (no hydrogen seed gas) and case 4 
(10 atm of hydrogen seed gas) .  Sincethesame heavy-atom model was used i n  cases 3 
and 4, the  dashed curve i n  Fig. 8 i l l u s t r a t e s  the  f u e l  spec t ra l  absorption coef f ic ien t  
d i s t r i bu t i on  with wave number fo r  both cases a t  the  edge-of-fuel conditions. The 
so l i d  curve (case 4) represents the  calculated spec t ra l  absorption coef f ic ien t  of 10 
atm of hydrogen a t  t he  edge-of-fuel temperature of 1 0 , 6 5 0 ~ ~ .  The sharp peak i n  the  
so l i d  curve at  a wave number of approximately 82,000 cm-l i s  due t o  t he  Lyman- a l i n e  
of a toxic  hydrogen. The pronounced edge i n  the  so l id  curve a t  a wave number of 
approximately 105,000 cm-l represents the  threshold fo r  absorption from the Lyman 
bound-free continuum of atomic hydrogen. 



S~i iL i i a r  cnini>aii::c?nq in the 6pcl.c.i r.81 abso_rption coeffic.iefit ~stsibut-jgos at the 

edge-or-f"ue3 conditions a,se graphically depicted in Fig, 9 for cases 1, 5 and 6 which 
differ with respect to the reflect5vi"cy- of the end walls, In case L, which is used 
as a standard of coaxparison, reflective end walls were omitted; in case 5, an end 
wall with uniform reflectivity was considered; in case 6, an end wall of aluminum 
was treated. A comparison of the curves for cases 1, 5 and 6 in Fig. 9 shows that 
the general contour for each absorption coefficient distribution is approximately the 
same. This result is expected since the same heavy-atommodelconfiguration was used 
in all cases, The lower values of the absorption coefficient for case 5, as contrasted 
with those for case 1, reflect the decreased fuel density at the edge of the fuel in 
case 5. The fuel pressure was 0.01 atm for all cases; however, the edge-of-fuel 
temperature for case 5 was 14,650~~ as compared to 10,650~~ for case 1. Similar 
reasoning applies when the absorption coefficient results of case 6 and case 1 are 
compared. Note that the edge-of-fuel temperature for case 6 was 19,650'~. 

The s3me combinations of cases will be used in all subsequent figures and dis- 
cussions to enable comparison of results for changes in heavy-atom model parameters 
(cases 1, 2 and 3), effect of seeding gases (cases 3 and 4) and effect of wall 
reflectivities (cases 1, 5 and 6). 

Density Profiles 

The composition data required to compute the spectral absorption coefficient 
results previously discussed were used to estimate nuclear fuel and total density 
profiles as a function of position within the outer layer of the fuel region. 

Fuel Density 

Nuclear fuel density distributions for each of the cases examined are compared 
in Fig. 10 for cases 1, 2 and 3, in Fig. 11 for cases 3 3nd 4, and in Fig. 12 for 
cases 1, 5 and 6. The fuel density distributions for all cases exhibit similar 
behavior and are of the same magnitude at any specified position within the outer 
layer of the fbel region. The density at the edge-of-fuel conditions for cases 1, 
2 and 3 (temperature of 10,650~~ and fuel pressure of 0.01 atm) was 1.78 x lb/ft3. 
For cases 5 and 6 the edge-of-fuel temperatures were higher, 14,650'~ for case 5 and 
l9>65to~ for case 6. The densities for these cases were correspondingly lower, 1.09 
x 10- lb/ft3 for case 5 and 5.81 x lb/ft3 for case 6. 

Total Density 
P 

The total density is defined as the sum of the densities of all gas species 
present in the systern, For ease 1, 2, 3, 5 and 6 the gases present in the system. 
examined were nuclear and neon. For case 4, 10 a%m of hydrogen was added Lo the 
fieL-neon system as a seeding gas, Total density is plotted as a function of position 
in Fig, 13 for cases, 1, 2 and 3, in Fig. 14 for cases 3 and 4, and in Fig. 15 for 
cases E ,  5 2.nd 6, 



Spectral IZadieJ~ive Energy Profi les  

Spectral di.stribu"cons of radia-tive flux ernitted from the nuclear f'uel region 
of a typical nuclear light bulb rocket engine are graphically depicted in Figs, 16, 
18 and 20 for all cases investigated. In Figs. 17, 19 and 21the results of the 
spectral distributions illustrated in Figs. 16, 18 and 20 are replotted as relative 
fractional flux distributions. These curves given the relative fraction of total 
energy radiated between wave numbers of 1.0 x 103 cm-l and a v  specified wave number 
w and between any wave number w and a wave number of 1.0 x 10' cm-1. Also shown for 
comparison purposes in Figs. 16 through 21 are the spectral and relative fractional 
flux distributions for a black body at temperatures of 10,000~~ (5,556O~), 15,0003R 
(8,333'~) and 20,000~~ (ll,lllO~). As noted previously, all estimates of spectral 
radiative flux emitted from the nuclear fuel were made for a constant total flux of 
24,300 ~tu/ft~-sec (2.757 x 1011 erg/cm2- sec) corresponding to an effective black-body 
radiating temperature of 15,000~~ (8,333O~) . 

Heavy-Atom Yodel Parameters 

In Fig. 16 the effect of variations in the heavy-atom model parameters on the 
spectral flux emitted from the fie1 region are illustrated. In cases 1 and 2, using 
the continuumoscillator strength distribution function in the heavy-atom model and 
different ionization potentials, only moderate differences in the spectral energy 
distribution curves are noted as shown in Fig. 16. In both cases (cases 1 and 2) the 
spectral flux was less than that of a black body at a tem erature of 15,000°R for f: wave numbers between 1.0 x 103 and approximately 2.5 x 10 cm'l (wavelengths between 

4 10.0 and 0.4 ,u ) . For -wave numbers greater than approximately 2.5 x 10 cmsl (wave- 
lengths less than 0.4 p ), cases 1 and 2 resulted in spectral flux distributions 
which were lower than that of a 15,000~~ black body. It should be noted that increasing 
the magnitudes of the ionization potentials used in the heavy-atom model(~ase 1 used 
the low set, case 2 the high set) tended to shift the spectral flux distribution such 

4 that somewhat more energy was radiated at wave numbers greater than about 2.5 x 10 cm-l 
(wavelengths less than 0.4 p ) in case 2 as compared to case 1. 

In case 3, the low ionization potentials and a band type oscillator strength 
distribution f'unction were used in the heavy-atom mo3eb. More drastic changes 3ppear 
in the spectral flux distribution than those noted between cases 1 and 2. The 
spectral flux for case 3 exceeded that of a black body at a temperature of 15,000~~ 

3 4 for wave numbers between 1.0 x 10 and 1.0 x 10 cm-l (wavelengths between 10.0 and 
1.0 ,LJ ) .  The smoothly varying spectral flux distribution observed for cases 1 and 2 

4 was also noted for case 3 up to a wave number of 1.0 x 10 am-l (wavelength 1.0 ) .  
However, the spectral structure noted for the case 3 spectral absorption coefficient 
distribution (see Fig. 7 was reflected in the spectral flux distribution at wave 11 numbers between 1.0 x 10 and 1.0 x lo5 cm-' (wavelengths between 1.0 and 0 .I p ) , 

4 Two "windows" are observed at wave numbers of approximately 3.0 x lo4 and 5.5 x lo cm' 
(wavelengths at O,J3 and 0.182 g ) ,  Similarly, two peaks in the spectral f l u  dis- 



4 .  tributions are observed at urzvr ~iuoioers of 4.0 x 10 and 7. ', x lo4 cm" (miv-elengths 
at 0,25 alzd 0.133 ) .  In general t h e  spectral  fl-a for ease 3 w&s less %haan t h a t  
for a ~~,OOO'R black body between wave numbers of approximately ll.O x lo4 and 7.0 x 
4 4 1 l0 cm-.J_ (wavelengths at I-. 0 and 1,143 c, ) . 'The peak at a wave number of 4.0 x 10 can- 

(wavelength at 0.25 ) was about equal to the 15,000~~ black-bo~dy flux. For wave 
4 numbers greater than 5.5 x 10 cm-l (wavelengths less than 0.33 ) the emitted 

spectral flux exceeds that of a 15,000~~ black body. 

The spectral flux results of Fig. 16 for cases 1, 2 and 3 as well as the spectral 
flux results for a black body at the indicated temperatures (10,000, 15,000 and 
20,000~~) were used to estimate relative fractional flux distributions. These data 
(relative fractional fluxes) are plotted as a fbnction of wave number in Fig. 17 and 
give the fraction of the radiation emitted in any wave number interval relative to 
the total flux radiated over all wave numbers. The results illustrated in Fig. 17 
show that considerably more energy is radiated in the visible and ultraviolet spectral 
regions by the nuclear fie1 than a black body at a temperature of 15,000"~ (8,3330~). 

For exaqle, the fraction of total energy radiated by a 15,000~~ (8,333"~) black 
body in the wave numbers interval between 5 x and infinity (wavelengths between 
0.2 and 0 p ) is 2.5 x which is equivalent to a flux of 6.08 x lo2 Btu/ft2-sec. 
The relative fraction of emitted ener from the nuclear fuel is 3.6 x 10-l (8.42 x 
103 13tu/ft2-sec) for case 1, 2.4 x 10' (5.62 x lo3 ?3tu/ft2-sec) for case 2 and 2.6 x 
10-l- (6.08 x lo3 Btu/ft2-sec) for case 3. Similar results are obtained for other 
wave number intervals. 

A number oftrends are observed in Fig. 17 which reflect changes in the heavy- 
atom model parameters. In general, decreasing the ionization potentials used in the 
heavy-atom model tends to shift more energy toward the ultraviolet spectral region 
as is shown in Fig. 17 by comparing the results for case 1 (low ionization potentials) 
and case 2 (high ionization potentials). A comparison of the results for cases 1 and 
3 shows that using the band type oscillator strength distribution fbnction in the 
heavy- atom mode l(case 3) tends to shift the overall relative fractional flux distribu- 
tion toward the infrared spectral region. 

Effect of Seed Gas 

The preceeding results indicated that a large fraction of the radiation emitted 
from the nuclear fuel region occurs at wave numbers where the transparent containment 
walls become effectively opaque. (wave numbers greater than approximately 5.0 x lo4 cm-l 
or wavelengths less than 0.2 g ) .  Thus, the energy incident upon the containment wall 
radiated by a pwre nuclear fuel system would prove to be a severe heating and cooling 
problem wtth respect to the containment wall. In recognition of the containment-wall 
coo15ng problem, the radiative proper-bies of the seed-fuel gas wsLem were estw-ted 
with 10 a t m  of hydrogen added to the region a,s a seeding gas, 



Results of the seed gas a,nal.ysls (case 4) are presented in Fig, a8 ( ~ p e c t r a ~ l  
flux- as f m c t i o n  of wave number) a ~ d  512 Fig, l9 (relative fra4etions2, flux as a func 
tiion of wave nmber). Also shown for comparison in Pigs. 1-23 and 19 are the results 
for a pure fuel system (case 3 ) ,  As shown in Fig. 18, a notable difference bet een 1 1  cases 3 and 4 occurs in the "window" at a wa;ve number of approximately 5.5 x 10 cm- 
(wavelength 0.182 p ) . The depth of the "window" increased by about an order of 

4 magnitude and was shifted to a higher wave number (6.2 x 10 cm-l or a wavelength of 
0.161 p ) as a result of adding hydrogen as a seed gas. In addition, the radiation 
emitted by the fuel in case 3 at wave numbers greater than 1.0 x 105 cm-I (wave- 
lengths less than 0.1 p) was drastically reduced in case 4 due to the addition of 
hydrogen. 

These results are shown in Fig. 19 for cases 3 and 4 as the relative fractional 
flux distribution. The curves in Fig. 19 illustrate the reduction in the relative 
fractional fl& in the visible and ultraviolet spectral region upon addition of 
hydrogen gas as a seeding agent. The results also suggest that seeding with selective 
gases would undoubtedly f'urther reduce the quantity of radiation emitted in the 
critical region at wave numbers beyond approximately 5 x lo4 cm-I (wavelengths less 
than 0.2 y ) . Two promising seed materials are diatomic oxygen and water vapor, both 
of which are very opaque at wavelengths less than 0.2 (wave numbers greater than 
50,000 cm-l). The primary difficulty is that both of these molecules tend to dis- 
sociate at high temperatures, although preliminary calculations indicate that there 
will be a significant fraction of undissociated molecules at temperatures of interest. 
Even if these molecules should dissociate at high temperatures, however, they would 
provide a protective blmket between the fuel and the wall at lower temperatures to 
protect the wall from overheating due to absorption of ultraviolet radiations. 
Additional calculations of the effect of seed addition, including considerations of 
chemical reactions between the seeds and the nuclear fuel, should be considered in 
f'uture programs. 

Effect of Reflective Walls 

In cases 5 and 6 the heavy-atom model configuration of case 1 was used to exa- 
mine the effect of wall reflectivities on the spectral flux emitted from the fie1 
region. A uniform reflectivity of 0.5 was used for all wave numbers for case 5, while 
the spectral reflectivity of aluminum (see Fig. 4) was used for case 6. 

Spectral flux distributions as a function of wave number are compared in Fig. 20 
for cases 1, 5 and 6; relative fractional flux distribution as a function of wave 
number are compared in Fig. 21 for these cases. Examination of Figs. 20 and 21 shows 
that relatively little change in the spectral flux distribution or in the relative 
fraction1 flux distribution occurred between case 1 and case 5 as a result of including 
an end wall with a uniform spectral reflectivity. However, a marked change in the 
spectral distribution for case 6 (aluminum spectral reflectivity)was evident, For a 
wave number of approxbately 1.0 x a03 cm-l (wavelength of 10.0 cl ) , the predicted- 



spectral ?Lux for case 6 was 3.~1 order of rrtagni%ude less than that preiilcteri for case 
4 I, At a wave number of 1-0 x LO csn-I (wave1 ength of 10,O ,u ), the difference hetween 

t he  predicted flues for ease 6 as cornpaxed to ease 1 was a factor of approximately 
4 5. For wave numbers between 1 .0  x 104 arid 5.8 x 10 (wavelengths between 0 .1  

and 0.173 fl ), the  spec t ra l  f l ux  d i s t r ibu t ions  f o r  these  cases converge. A t  wave 
4 numbers g rea te r  than approximately 5.8 x 10 cm-I ( 3.173 o r  l e s s )  the  spec t r a l  

f l ux  f o r  case 6 exceeded t he  spec t ra l  f l ux  f o r  case 1. A m a l l  peak was a lso  i n t ro -  
4 1 duced i n t o  the  spec t ra l  d i s t r i bu t i on  of case 6 a t  a wave number of 8 .0  x 10  cm- 

( 0 . 1 2 5 ~  ) a s  a r e s u l t  of the  spec t ra l  r e f l e c t i v i t y  of aluminum. 

Similar  trends are  observed i n  t he  r e l a t i v e f r a a t i o n a l f l u x  d i s t r ibu t ions  shown 
i n  Fig. 21  for  cases 1, 5 and 6. I n  general,  including r e f l ec t i ve  walls  tends t o  
s h i f t  the d i s t r i bu t i on  such t h a t  more of t he  emitted energy f a l l s  i n  the  v i s i b l e  and 
u l t r av io l e t  spec t ra l  regions. 

Optical Depths a t  Selected Wave Numbers 

I n  order t o  ascer ta in  the  thickness of f u e l  which influences the  spec t ra l  radia-  
t i v e  f l ux  a t  t h e  edge of f ue l ,  it i s  necessary t o  know the  "effect ive"  op t i ca l  depth. 
The op t i ca l  depth a t  any wave number i s  given by the  following equation: 

where y i s  the  distance from the  fue l  edge and a i s  the  spec t ra l  absorption coeff i -  
c i en t  a s  a function of y.  Spectra l  absorption coef f ic ien t  data  such a s  those given 
i n  Figs.  7, 8 and 9 were used t o  compute the  op t i ca l  depths a s  a function of distance 
i n t o  t h e  f u e l  f o r  each of the  cases investigated a t  wave numbers of 2.0 x 103 (5.0 ) , 4 4 4 1.0 x 10 ( l . o f l ) ,  2.0 x 10 ( 0 . 5 ~ ) ~  5.0 x 10  ( 0 . 2 ~ )  and 1 . 0  x 105 cm-l ( 0 .1~  ) .  
rT!hese r e s u l t s  are  graphically i l l u s t r a t e d  i n  Figs. 22 through 27 f o r  cases 1 through 
6 respectively.  

I n  pract ice ,  t he  spec t ra l  f l ux  of rad ia t ive  energy emitted from the  fue l  region 
i s  not appreciably influenced by conditions more than 2 t o  3 op t i ca l  depths i n to  the  
i n t e r i o r  of the  f i e 1  containment region as  shown by the  r e s u l t s  of t h i s  section.  For 
cases 1 and 2 (see Figs. 22 and 23) t h i s  op t i ca l  depth i s  reached o r  exceeded f o r  a l l  
wave numbers l e s s  than 1 .0  x 105 cm-l (0 .1  c( ) a t  a posi t ion within 0.5 cm of the  f u e l  
edge. A t  a wave number of 1 .0  x l o 5  cm-I (0.1 ,U ) the  op t i ca l  depth c r i t e r i o n  was not 
met; however l e s s  than 3.0% of the  radia t ion was emitted a t  wave numbers greater  than 
1.0 x lo5 cm-I ( o . l l ) ( s e e  Fig. 17). 

Use of the  band t n e  o s c i l l a t o r  strength d i s t r ibu t ion  %unctions i n  the  heavy.- 
atom model f o r  cases 3 and 4 resul ted i n  a marked reduction i n  the op t i ca l  dep-bh a t  
a wave number of 2 - 0  x 103 cm-a- (5 ,0  ,D ) as. indicated i n  Figs. 24 and 25, The spec t ra l  
region about a wave number of  2.0 x 103 cm-I (5,O ) was r e l a t i ve ly  unimportant i n  the  



analysis of these  eases since a negligsble qumt i ty  of radiation was emitted i n  t h i s  
spectral region ( s e e  Fig. 19)- The addition of hy*ogen as a seed gas (case 4) 

4 tended t o  decrease the  op t i ca l  depth at a wave number 06 1 , O  x 10 (1 -0 ,U ) eom- 
pared t o  case 3 (no hydrogen seed) ,  S b i l a r l y ,  addi t ion of hydrogen t o  the  f u e l  
system resu l ted  i n  an increase i n  the  calculated op t i ca l  depths a t  a wave number of 
1.0 x 105 cm'l ( 0 . 1 p ) .  

Equivalent op t i ca l  depth r e s u l t s  a re  presented i n  Fig.  26 f o r  case 5 involving 
an end wall  of  uniform r e f l e c t i v i t y  and i n  Fig. 27 f o r  case 6 which involves an end 
w a l l  with aluminum r e f l e c t i v i t y .  The most notable change i n  op t i ca l  depth occurred 
i n  case 6 f o r  a wave number of 1 .0  x 105 cm-I (0.1 p  ) (see Fig. 27). 

Effect ive  Spectra l  Black-Body Propert ies of t he  Fuel Region 

I n  Fig. 28 black-body f luxes  a r e  i l l u s t r a t e d  a s  a function of temperature f o r  
se lected wave numbers. These r e s u l t s  were used t o  estimate the  e f fec t ive  spec t ra l  
black-body rad ia t ing  temperature Tbb, of the  nuclear f u e l  region as  a f'unction of 
wave number a s  graphically depicted i n  Fig. 29 f o r  a l l  s i x  cases investigated,  The 
e f fec t ive  spec t ra l  black-body rad ia t ing  temperature i s  defined a s  t ha t  temperature 
fo r  which the  spec t ra l  f l ux  emitted by the  f u e l  region a t  wave number w i s  equal t o  
a black-body spec t ra l  f l ux  a t  wave number w . 

A number of general trends a r e  observed i n  the  r e s u l t s  presented i n  Fig. 29. 
For cases 1, 2 and 3, the  f u e l  systems rad ia te  at  an equivalent black-body temperature 
l e s s  than 1 5 , 0 0 0 ~ ~  (8,3 3 '~ )  i n  the  wave number region between 1 .0  x lo3 (10.0 p )  and 2 approximately 4.0 x 10 cm-l (0.25 e ) . A t  a wave number of about 4.0 x lo4 cm-l 
( 0 . 2 5 ~ )  the  f i e 1  systems rad ia te  l i k e  a black body a t  a temperature of 15,000°R 
(8,333O~). Between wave numbers of 4.0 x lo4 ( 0 . 2 5 ~ )  and 1 .0  x 105 cm-1 ( 0 . 1 ~ )  
the e f fec t ive  radia t ing temperature f o r  cases 1, 2 and 5 rapidly  increases. The 
maximum e f fec t ive  radia t ing temperature of about 2 2 , 5 0 0 ~ ~  ( 1 2 , 5 0 0 ~ ~ )  occurs at  a wave 
number of 1 .0  x lo5 c m - l  (0.1 p ) f o r  these three  cases. Note t h a t  an end wal l  of 
uniform r e f l e c t i v i t y  (case 5) tended t o  reduce somewhat t h e  e f fec t ive  radia t ing 
temperature fo r  wave numbers between 1 .0  x 103 (10.0 ,U ) and 1 .0  x 104 cm-1 (1.0 p ) . 
Similarly, the  r e s u l t s  fo r  case 6 show t h a t  inclusion of an end w a l l  with aluminum 
r e f l e c t i v i t y  d r a s t i c a l l y  reduces the  effect ive  black-body radia t ing temperature 
between wave numbers of: 1.0 x 103 (10.0 p ) and approximately 2.0 x 104 cmsl (0.50 p ) 
a s  compared t o  case 1. 

Similar calculated data  are  shown i n  Fig. 29 f o r  cases 3 and 4. These r e s u l t s  
exhibi t  a marked increase i n  e f fec t ive  radia t ing temperature i n  the low wave number 

3 4 region between 1 , 0  x 10 (10.0 ,U ) and approximately 1 .0  x 10 cm-1 (1.0 p ) . A t  
4 wave numbers greater  than 1 .0  x 10 ane1 (1.0 y ) the  e f fec t ive  spec t ra l  black-body 

radia t ing temperatures fo r  cases 3 and 4 a re  approximately equivalent t o  those f o r  
case 1, 2, 5 and 6 and exhibi t  t he  same general trends.  A marked peak i n  the  e f fec t ive  
rad ia t ing  temperature occurs i n  the  d i s t r ibu t ion  fo r  case 4 a t  a wave number of 

4 approximately 4 ,0  x 10 ern-1 (0 -25  ,U ) . 



Effective Optical. Depths a f  the Fkgicn 

In Fig,  30, the effect ive op t i ca l  depth i s  plo-tted as a function of wave number, 
The e f fec t ive  optical.  depth i s  defined as t h a t  op t i ca l  depth a t  which the  e f fec t ive  
spec t ra l  black-body temperature and the  gas temperature are  equal. It i s  a measure 
of  t h e  e f fec t ive  distance one can "see" i n t o  the  plasma. 

Note t h a t  only one point  could be calculated f o r  case 6. The value of t he  
e f f ec t i ve  op t i ca l  depth was 1.83 a t  a wave number of 1 .0  x 105 cm-1 ( 0 . 1  p . Similarly,  L da ta  could not be calcula ted fo r  case 5 a t  wave numbers l e s s  than 5.0 x 10 cm-1 

(0.2 p ) . These data  were not avai lable  since the  estimated spec t ra l  black-body 
temperatures (see Fig. 29) at the  indicated wave numbers were l e s s  than t he  gas 
temperatures p lo t ted  i n  Fig. 6. 

I n  t he  remaining data  p lo t ted  i n  Fig. 30 a number of trends a r e  evident. The 
e f fec t ive  op t i ca l  depth tends t o  increase with increasing wave number (decreasing 
wavelength) fo r  a l l  cases examined. For cases 2, 3 and 4 the  e f fec t ive  op t i ca l  

4 1 depth decreases with increasing wave number between 1 .0  x 104 (0 .1  p ) and 2.0 x 10 cm- 
( 0 . 5 ~  ) *  
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LEST OF S"fl4BGZS 

-1 
Rosscland Mean OpaeiLy , cm 

Spectral absorption coefficient, cmmi 

Pressure, atm 

2 2 Total flux or integrated flux, ~tu/ft -sec or erg/cm -sec 

Spectral flux, erg/cm-sec 

2 Black-body flux (for temperature T*) = o v 4  , ~tu/ft -sec 

Spectral reflectivity, dimensionless 

Temperature, OR or OK 

Effective black-body radiating temperature ( taken as 15,000~ R for all cases 
considered) . 
Edge-of-fuel temperature (see E q s .  (2) and ( 3 ) ) ,  OR 

Distance from edge of f'ue,l (measured from edge of fuel toward the center line or 
away from end wall), cm 

Wavelength, R or microns ( p )  
Wave number, an"' 

Mass density, lb/ft 3 

Optical depth, dimensionless 

Subscripts and Superscripts 

Refers to a black-body property 

Fuel 

Total 

Wave number or spectral quantity 
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H9 10092- 12 FIG. 2 

ASSUMED NUCLEAR FUEL PARTIAL PRESSURE DISTRIBUTION 

19.271 y +O.O 1 y 5 10.378 

P = F ATM 

2 . 0 ~  l o 2  y > 10.378 

DISTANCE FROM EDGE OF FUEL, y - CM 



H910092-12 FIG, 3 
OSCILLATOR STRENGTH DCSlftbBUPiOM FOR THE BOUND-BOUND REGION 

OF HEAVY-ATOM MODEL USED FOR GASES 3 AND 4 

0 URANIUM I REFS. 10 AND 11 

V URANIUM I1 REF. 10 

- - - -  NO DATA BETWEEN INDICATED POINTS 

WAVELENGTH AT CENTER O F  280 A INWERVAL, A -i 



1.69 1009%- 1% FIG. 4 
SPECTRA! REFI-E(:TlVVITV OF A&-UMINUQBB AND UNIFORM REFLECTIVITY 

USED %N CASES 5 AND 6 

I CASE I SYMBOL / REFERENCES I 

V 

10 -2  
2 10-1 

2 lo0 
2 

WAVELENGTH, ,A - MICRONS 



H910092-12 

TOTAL FLUX D&SIRIB&$TICM$ IN UUrEW LAYER OF FUEL REGIQrd 
FIG, 5 

6 ,4  0.6 0-8 9 .Q 

DISWNCE FROM EDGE OF FUEL, y - CM 



EFMPFRAVCIRE DISTRIBUTION IN OUTER LAYER OF FUEL 
FIG. 6 

R E G I O N  FOR VARIOUS CASES 

DISTANCE FROM EDGE OF F U E L ,  y - CM 

26 



H910092-12 FIG. 9 
COFdfPARISQN OF SPECTRAL A8TORPTION COkFFICEENT OF NUCLEAR FUEL 

AT EDGE-OF-FUEL CON:2ITIQNS USED % M  CASES 1,2 AND 3 

-e - HIGH CON T 

LOW BAN D 

T* = 15,000oR 

Q *  = 24,300 B T U / F T ~  - SEC 

T  = 10,6500 R 
E 

'0 - 0 

P = 0.01 otrn 
F 

SEEDS - NONE 

5 184 2 5 1 Q 5 2 

WAVE NUMBER,w - CM-' 

2.0 7 *Q 8,s 8.2 Q,1 O,O5 0,Q2 Q,81 
WAVE bENGTH,k - MICRONS 



I-1910092-12 FIG, 8 
COkdIPARISON OF SPECTRAL ABSORPTION CBEFFiClENTS OF NUCLEAR FUEL 

WAVE NUMBER,  &3 - 

1Q,Q 5.0 
WAVELENGTH, - MICRONS 

28 



H9 9089%- 12 FIG, 9 
COMPARISON OF SPECTRAL &BSORPI"ION COEFFICIENTS OF NUCLEAR 

FUEL AT EDGE-OF-FUEL CONBI"P0NS USED IN CASE 1, 5 AND 6 

T *  = 15,000 O R  

Q* = 24,300 B T u / F T ~ - S E C  

PF=O.O1 ATM 

MODEL - CONT 

I P  - LOW 

SEEDS - NONE 

14,650 

19,650 

WAVE NCIMBER.U - CM-I 

UNIFORM 

ALUMINUM 

2.0 1.8 0.5 8, 2 0.1 8.05 O,02 0.01 
WAVELENGTH, h - MICRONS 



W910 092-12 
COMPARISON OF NrdCLEBaR FUEL MASS DENSITY DISTRIBUTIONS 

FOR CASES I, 2 AND 3 
[ -- - T&-m -- -- 

- 7 

1 1 1 ---- I LOW / C0N"T. / 

; - O  
SEEDS - NONE 

0.2 0.4 0.6 8,8 
DISTANCE FROM EDGE OF FUEL, y - CM 

FIG. 10 



H9 10092- 92 FIG, 11 

COk4PARBSON OF NUCLEAR MASS DENSITY DISTRIBUTIONS FOR CASES 3 AND 4 

/ CASE SYMBOL 1 S E E % ;  1 
NONE I 

' w - 0  

MODEL-BAND 
IP  - LOW 

0.2 0.4 0 $6 0 .8 
DISTANCE FROM EDGE O F  FUEL, y - CM 



COIJPARISOM OF NllGa FAR FUFl MASS DFMSITV DlSTRlRUTEfONS 
FOR CASES 1, 5 AND 6 

T* = 15,000° R 

Q* = 24,300 B T U / F T ~ - S E C  

MODEL - 6 0 N T  

IP  - LOW 

SEEDS - NONE 

DISTANCE FROM EDGE OF FUEL, y - CM 

FIG. 12 



H910892-12 FIG. 93 
CBMPARISOM OF TOTAL MASS DEhlSITY DiSTRIBUTIQNS F O R  CASES 1-2 AND 3 

-- I CASE ( SYMBOL / IP  1 MODEL  1 

m 
t- 
LL. 
\ 
a 
d 
I 

1 3 1 - - - - -  I LOW I BAND I 

- 0 
SEEDS - NONE 

0.2 0.4 0.6 0.8 
DISUAMCE FROM EDGE OF FUEL, y - CM 



H910092-12 FIG, 14 
CQMpARISON OF TOT41 MAC? nFNSlTV QISTRIRUTIQNS FOR CASES 3 AND 4 

I 
3 

-- -- I N O N E  1 
i 

I 
I 

I HYDROGEN 

r - 0  
0 

MODEL-BAND 
IP-LOW 

0.2 0,4 8.6 0,8 
DISTANCE FROM EDGE OF F U E L ,  y - CM 



H910092-12 FIG* 15 

COMPARISON OF TOTAL MASS BE?JSIIV DISTRIBUTIONS FOR GASES 1, 5 A N D  6 

T* = 15,000 O R  

Q* = 24,300 B T U / F T ~ - S E C  

MODEL - CONT 

IP - LOW 
SEEDS - NONE 

0 2  0.4 0.6 0.8 
DISTANCE FROM EDGE OF FUEL, y - CM 



H9 16092-12 FIG, 16 

COMPARISON OF SPECTRAL FLUX FOR SLACK BODY A% 1-EMPERATURES OF 10,000, 
15,000 A N D  20,000 DEG R AND SPECTRAL FLUX EMITTEE FROM NUCLMR FUEL 

FOR CASES I , %  A N D  3 

103 2 104 
a 5 lo5 2 

WAVE NUMBER, w - CM-1 

2,0 1 -0 0 5  0-2 0-1 0,05 
WAVEbENGTW,h - MICRONS 



H918892- 1% FIG. 17 

COMPARISON OF RELATIVE FRACTIONAL FLUX BISTRlBUTBON OF BLACK BODY AT 
EMPERATURES OF 10,000 15,000 A k D  20,000 DEG R AND RESATiVE FRACTIONAL 
FLUX BlSPRlBUTrON EMITTED FROM THE NUCLEAR FUEL FOR CASES %,2 AND 3 

T* = 15,000° W 

Q* = 24,300 BTU/FT 2 - ~ ~ ~  

TE = 10,650° R 

PF = 0.01 ATM 

r - 0  
0 

SEEDS - NONE 

10-0 5.0 2,Q) 1-0 0.5 8.2 0-1 0.05 
WAVELENGTH, - MICRONS 



H9 1009%- 4 1% FOG, 48 

COMPARISON OF SPECTRAL FLUX FOR Bi.ACK BODY AT TEMPERATURES OF 10,000 
L5,000 AND 20,000 DEG R A N D  SPLCI-HAL FLUX EMITTED FROM NUCLEAR 

FUEL F O R  CASES 3 AND 4 

WA\bELENGWH, k- MICRONS 



H916092-1% FIG, 19 
COMPARISON OF RELATIVE FRACTIONAL FLUX DlSTRrBklTiQN OF BLACK BODY AT 
TEMPERATURES OF 10,080, 15,WO AND 20,008 BEG R AND R E L A n V E  FRACTIONAL 

FLUX DlSTRlBUTlON EMITTED FROM THE NUCLEAR FUEL FOR CASES 3 AND 4 

T * = 15,080oR 

Q* = 24,300 BTU/FT2--SEC 

T E  = 10,6500 R 

PF = 0.01 ATM 

ro - 0 
MODEL - BAND 

IP  - LOW 



H910092-12 FIG, 20 
GOUPRISON OF SPFPTRAI FLUX FOR RL~I:): BODY AT TEMPERATURES OF 10,000, 

15,000ANO ZO,OGO DE6 K AND SPECTRAL FLUX CMTTED FROM NUCLEAR 
FUEL FOR CASES I, ";AN 6 

r '  15,000aR 

0 24,300 B T U / F T ' - S E C  

PF  = 0.0 i ATM 

MODEL CONT 
IP - LOW 
SEEDS - NONE 

WAVE NUMBER, o - CM-' 

A - - _ L - . - . L ~ ~ l  - LL 
40.0 5.0 2,Q I ,O 6,s 8,2 8-1 0-0 4 

WAVELENGTH, A - MICRONS 



H910092-12 FIG, 21 
COMPARISON OF RELbT!VF FWRCT!ONAI FLUX DlSlRlBUTlOM OF BLACK BODY AT 
TEMPERATURES OF 10,600, 15,000 AidD 20,000 DEG R A N D  RtbA1IVE FRACTIONAL 
FLUX DISTRIBUTION EMITTED FROM THE NUCLEAR FUEL FOR CASES 1, 5 AND 6 

UNIFORM 1 PF = 0.0 1 ATM 

ALUMINUM 4 MODEL - CONT 

SEEDS - NONE 

2 IP - LOW 

WAVE HUMBER, o - CM -' 

WAVE LENGTH, h- MICRONS 



H910092- 12 FIG, 2 %  

OPTICAL DEPTH DISTRIBUTION AMWPWESENTATIVE WAVE NUMBERS FOR CASE 1 

50,000 CM- 1 

(0.2 LL) 

IP - LOW 

MODEL - CONT 

SEED - NONE 

7d - 0 

0, 2 0-3 0,4 0,s 
DISTANCE FROM EDGE OF FUEL, y - CM 



1.19163092-12 FIG, 23 

OPTICAL DEPTH DISTRIBUTION AT RRERESENTATIVE WAVE NUMBERS FOR CASE 2 

T*  = 15,000°R 
Q* = 24,300 B T U / F T ~  SEC 

I $  - HIGH 
MODEL - CONT 
SEED - NONE 
to - 0 

DlSTANCE FROM E D G E  OF FUEL, y - CM 



1-1810892-12 Fie, 24 

OPTICAL DEPTH DISTRIBUTION AMREI"RESENTAT1VE WAVE NUMBERS FOR CASE 3 

T* 15,000°R 

Q* - 24,300 BTU 'FT'  -SEC 

I P  - LOW 

MODEL - BAND 

SEED - NONE 

r - 0  
W 

0.2 0 3  8.4 Q. 5 
DISUNCE FROM EDGE OF FUEL, y - CM 



H910092- 12 FIG, 25 

OPTICAL DEPTH DISTRIBUTION AT k?EPRESENIeATIVE WAVE NUMBERS FOR CASE 4 

I$ - L O W  

MODEL - BAND 

S E E D  - 10.0 ATM HYDROGEN 

0.1 6.2 6 3  OA Q 5 

DlSYANCE FROM EDGE OF FUEL, .pl - CM 



H"318892-12 

OPTICAL DEPTH DOSIRBBUTIObl AMREPRESENTATIVE WAVE NUMBERS FOR CASE 5 

IP - LOW 
MODEL - CONT 
SEED - NONE 
r - UNIFORM 
0 

0-2 0,3 0,4 Q,5 0.6 

DISTANCE FROM EDGE O F  FUEL, y - CM 



FIG. 29 

OPTICAL DEPT9 DISTRIBUTION AT REPRESENTATIVE WAVE NUMBERS FOR CASE 6 

18 - LOW 

MODEL - CONT 

SEED - NONE 

r - ALUMINUM 
W 



FIG. 28 

TEMPERAWRE, T - DEG W 

TEMPERATURE, T - BEG K 



FIG. 29 



EFFEGUQPVIGAL DEPTH FOR ALL CASES AS A FUNCPsBN OF WAVE NUMBER 

E DEFINED AS THE OPTICAL DEPTH AT WHICH T b b  EQUALS 

GAS TEMPERATURE 

10.0 5 .O 2,O 1-0 0,s 0,P 

WAVE LENGTH, A- MICRONS 
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